1976. -To test whether skeletal muscle glycogen concentration is related to food consumption, glycogen content was determined in red (R) and white (W) vastus lateralis and in soleus (S) muscles from six groups of ad libitum-fed rats killed at 4-h intervals and from 24-h-fasted animals killed at 0800 and 1600 h. The animal quarters were illuminated between 0700 and 1900 h. Glycogen values exhibited a peak at 0800 h and a nadir at 2000 h. These changes bore no relationship to blood glucose and lactate or plasma free fatty acids, glucagon, insulin, and corticosterone concentrations.
Fasting resulted in reductions of glycogen content of 49% (S), 47% (R), and 29% (W) in animals killed at 0800 h; but at 1600 h changes were only 23% (R), 17% (W), and 8% (S). The sm a 11 er changes at 1600 h were apparently due to lower glycogen levels in the tissues of the fed animals.
It was concluded that skeletal muscle exhibits a diurnal variation in glycogen content, and that, contrary to accepted belief, fasting significantly alters muscle glycogen concentration. liver glycogen; metabolites; feeding pattern; muscle glycogen synthetase; insulin; glucagon; corticosterone IT IS WELL KNOWN that liver glycogen content in the rat fluctuates widely during the course of a 24-h period (29) and that this variation is primarily related to feeding (11, 29) . Equally well established is the fact that a 24-h fast almost completely depletes liver glycogen stores (3, 15, 26) . Previous investigators, however, have concluded that skeletal muscle glycogen concentration is much more stable than that in liver and is not significantly influenced by fasting (2, 26) . This view has become generally accepted and has been incorporated into standard biochemistry (32) and physiology textbooks (19) . Recently, however, we noticed differences in glycogen content of muscles taken from rats killed in the morning compared with those taken from rats killed later in the day. This observation led to a more systematic investigation, reported here, of diurnal variation in muscle glycogen and of the effects of fasting on glycogen content of specific hindlimb muscles of the rat.
METHODS
Male and female rats of a Wistar strain (specific pathogen-free CAW rats) (Charles River), weighing 198-302 g, were housed individually with food (Purina rat chow) and water available ad libitum. The animals were exposed to a 12-h light (0700-1900 h)-dark (1900-0700 h) cycle for 5-10 days prior to the experimental period. For the study of possible diurnal variations, male and female animals were randomly assigned to one of six groups and killed at the following times: 2400, 0400, 0800, 1200, 1600, and 2000 h. At 0800 h on the day they were killed all animals were given a known quantity of food. Groups of animals were then killed beginning at 1200 h and food consumption was determined by measuring the amount of food ingested from 0800 h to the time of death.
The effects of fasting were assessed in two groups of animals killed at either 0800 or 1600 h. Food deprivation began the previous day at 0800 and 1600 h, respectively.
At the appropriate times the animals were anesthetized with pentobarbital sodium (Diabutal, Diamond Laboratories), 5 mg/lOO g body wt, given intraperitoneally. The soleus muscles and the white and red portions of the vastus lateralis muscles of each leg were exposed. These muscles have the mechanical and biochemical characteristics of slow-twitch red, fast-twitch white, and fast-twitch red fibers, respectively (6). Soleus muscle is a postural muscle; red and white vastus lateralis muscles are recruited during moderate and severe exercise, respectively (5). In the study of the effects of fasting, the lateral gastrocnemius muscle was also exposed. This muscle is composed of a mixture of fast-twitch white (58%), fast-twitch red (37%), and slow-twitch red fibers (5%) (4). Samples of each were rapidly frozen with Wollenberger tongs cooled in liquid nitrogen (33). A small piece of liver was similarly frozen, after which blood samples, if required, were drawn from the aorta. Two milliliters of blood were added to a test tube containing sodium EDTA (1.2 mg/ml blood) and aprotinin (Trasy-101, FBA Pharmaceuticals, New York) (500 kallikreininactivating units/ml of blood). After separation of red cells by centrifugation, the plasma was stored at -20°C until used for the estimation of insulin and glucagon. The remainder of the blood was added to a tube containing a few crystals of heparin and shaken. Two hundred microliters of this blood were deproteinized by addition to 1 ml of 6% perchloric acid for later determination of blood glucose (28) and lactic acid (14) . The blood remaining was separated by centrifugation and the plasma used for estimation of plasma free fatty acids (FFA) (20) .
Glucagon was measured by the radioimmunoassay Thomas et al. (30) . Total activity was assayed in the presence of, and I activity in the absence of, 6.7 mM glucose 6-phosphate at 37°C. Percent I activity was computed as a ratio of I to total (X 100).
The data were expressed as the mean of the values t standard error. Statistical differences were determined by the Student t test.
RESULTS

Some differences
were observed between male and female animals in total food consumption and liver glycogen content. Since the pattern of variation in all variables measured, however, was similar in males and females, data from both sexes were combined.
Diurnal
Variation Study
Food consumption (Table 1) . More food was consumed during the dark period (1900-0700 h) than in the light (0700-1900 h). The average food intake during the preceding 24-h period was 19 t 1 g (Table 1) .
Liver ( Fig. 1 ). Glycogen concentration in the liver rose from a nadir at 2000 h of 29.3 t 3.5 mg/g to a peak of 53.7 * 7.8 mg/g at 1200 h.
Red vastus LateraLis (Fig. 1 ). Glycogen content of red vastus lateralis showed a definite diurnal pattern. The glycogen values ranged from 8.3 t 0.4 mg/g at 0800 h to 5.7 t 0.3 mg/g at 2000 h. There was a rapid decline in glycogen concentration between 0800 and 1200 h, but the values between 1200 and 2400 h were relatively stable. White vastus lateralis (Fig. 1) . In contrast to the red portion of the vastus lateralis, the white portion did not exhibit sharp fluctuations in glycogen concentration. Although the maximum glycogen concent of 7.3 t 0.3 mg/g was observed at 0800 h, the values declined gradu- ally, reaching a nadir of 5.7 t 0.2 mg/g at 2400 h.
SoZeus muscZe (Fig. 1) . The pattern of change in glycogen concentration of soleus muscle was similar to that of red muscle. There was a definite peak of 6.6 t 0.5 mg/g at 0800 h and a rapid decline from 0800 to 1200. The lowest value of 3.2 -+ 0 2 mg/g was observed at 2000 . h 'Metabolites and hormones in blood (Fig. 2 ). Blood CONLEE, RENNIE, AND WINDER the soleus muscle (-49%) and red vastus lateralis (--47%), with smaller effects in white vastus lateralis ( -29%) and gastrocnemius ( -23%) . Animals killed at 1600 h (Fig. 4) . The effects of fasting appeared to be considerably less in the afternoon than in the morning.
For example, glycogen content of muscle from fasting animals was decreased by only 23% in red vastus lateralis, 11% in gastrocnemius, and 8% in soleus. However, there were no differences between fasting values in the afternoon compared with those in the morning. Therefore, the apparently smaller effect of fasting observed in the afternoon may have simply reflected the lower muscle glycogen content of fed animals. glucose concentrations were relatively stable throughout the 24-h period, except for a small rise at 1600 h. Blood lactate (not shown in Fig. 2 Glycogen Synthetase (Table 3) Glycogen synthetase was determined in the various muscle groups at the times corresponding to the peak and nadir of glycogen concentration (0800 and 2000 h) as well as in the muscles from the 24.h-fasted animals that were killed at 0800 h. Total synthetase activity was greatest in red vastus lateralis muscle and least in white. These values were not affected by fasting or time of day. The percent of synthetase in the I form was greater in the white vastus lateralis than in either red vastus or soleus muscles at any given time, and fasting resulted in an elevation of this variable in all muscles sampled. Percent I was also higher in the evening than in the morning in red vastus lateralis and soleus muscles from fed animals.
DISCUSSION
The results of this study clearly show the existence of a diurnal variation in glycogen concentration of rat soleus and red vastus lateralis muscles. This finding is consistent with previous reports of glycogen rhythms in rat myocardium (7, 27) , rat and mouse diaphragm muscle (15, 23), and liver from several animal species (3, 11, 29) .
In 1931 Agren et al. (3) reported small fluctuations in glycogen content when measured in liver-free rat carcass. Though their findings indicated a diurnal rhythm, little information could be gained regarding changes within specific muscles or fiber types. More recently, while the present work was in progress, Meyer (18) reported a circadian glycogen rhythm in several muscles, including the diaphragm, white vastus lateralis, the lateral head of the gastrocnemius, cremaster, soleus, and heart. His findings are similar to ours, although we found the peaks and nadirs of the rhythm to fall 4 h later than those Meyer reports. This discrepancy may be explained by the differences in light-dark cycles and sampling schedules of the two studies, since it has been shown that varying the light cycle results in alterations of other physiological rhythms (22, 29) . In an effort to identify the mechanisms responsible for the fluctuation of glycogen, we measured food intake as well as the concentrations of some hormones and metabolites in the blood which are known to influence glycogen metabolism.
The hormone and metabolic data, however, provided no clear explanation for the diurnal changes in muscle glycogen. Both glucose and FFA rose in the afternoon, but these increases coincided with only small changes in muscle glycogen content (Fig. 1) . One might have expected that an elevation of blood glucose concentration would lead to increased glycogen deposition (9), especially since insulin rose at the same time. It has been shown that an elevation of insulin can result in the activation of glycogen synthetase and increased glycogen deposition (1, 21, 25) . That this did not occur may be due to the fact that these increases were relatively minor, of short duration, and occurred at a time when carbohydrate input from feeding was low. The gradual rise in skeletal muscle glycogen observed throughout the dark phase, reaching a peak at 0800 h, was coincident with the progressive increase in food consumption of the animals. However, a marked decrease in corticosterone did occur at the onset of the feeding period (or dark period). The influence of this hormone in muscle glycogen metabolism is unclear since the change occurred at a time when muscle glycogen levels were still stable. We also did not find any increase in plasma insulin during the periods of active feeding and subsequent glycogen deposition.
It is possible that the ad libitum feeding of the animals elicited only minor homeostatic adjustments in hormone levels. It is also possible that such subtle changes in the levels of a variety of hormones may be responsible for the observed glycogen deposition, but this requires further investigation.
Our results contradict the generally accepted notion that skeletal muscle glycogen levels are relatively stable despite changes of the caloric intake of the animal (19; 32). This view has come from the results of various investigators who found no differences in glycogen content in gastrocnemius muscle from fed and fasted animals killed in the afternoon (9, 26). Our results suggest two possible explanations for their erroneous conclusions. First, glycogen concentration of skeletal muscle falls during the day, a change that obscures differences between fed and fasted animals studied in the afternoon. Second, the differences in glycogen content between the fed and fasting state are much more dramatic when considered in the soleus and red vastus lateralis muscle which show more than twice the variation observed in gastrocnemius.
In the liver, glycogen synthetase and phosphorylase exhibit diurnal fluctuation which may be abolished by fasting (16, 31 ). An inverse relationship between glycogen synthetase activation (%I) and glycogen content in skeletal muscle is well established (1, S), and this is confirmed by the present results. It was also apparent that the relationship between %I and glycogen concentration was different for different muscle types. White muscle had greater %I activity than did red or soleus muscles, even when the glycogen content of white tissue was greater.
The biochemical mechanism responsible for these differences is not apparent, but may be related to differences in the concentration of adenine nucleotides and glucose 6-phosphate which are known to affect the activation of glycogen synthetase (24). We conclude from our results that skeletal muscle glycogen content is markedly reduced by food deprivation, in contrast to the previously accepted belief. We have also found the glycogen content of skeletal muscle REFERENCES 
